Lithium, with its high theoretical specific capacity and lowest electrochemical potential, has been recognized as the ultimate negative electrode material for next-generation lithium-based high-energy-density batteries. However, a key challenge that has yet to be overcome is the inferior reversibility of Li plating and stripping, typically thought to be related to the uncontrollable morphology evolution of the Li anode during cycling. Here we show that Li-metal texturing (preferential crystallographic orientation) occurs during electrochemical deposition, which governs the morphological change of the Li anode. X-ray diffraction polefigure analysis demonstrates that the texture of Li deposits is primarily dependent on the type of additive or cross-over molecule from the cathode side. With adsorbed additives, like LiNO 3 and polysulfide, the lithium deposits are strongly textured, with Li (110) planes parallel to the substrate, and thus exhibit uniform, rounded morphology. A growth diagram of lithium deposits is given to connect various texture and morphology scenarios for different battery electrolytes. This understanding of lithium electrocrystallization from the crystallographic point of view provides significant insight for future lithium anode materials design in high-energy-density batteries.
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lithium metal | texture | battery | electrocrystallization | morphology T he emerging demand for electric vehicles has stimulated the development of high-energy storage systems, especially the lithium-sulfur and lithium-air batteries that employ lithium metal anodes (1) (2) (3) (4) . Lithium (Li) , with its extremely high theoretical specific capacity (3,860 mAh g ) and lowest electrochemical potential (−3.04 V vs. SHE), has since been recognized as an ultimate negative electrode material. There has been research over the past four decades on Li metal (5) (6) (7) (8) (9) . Recently there has been a renaissance of Li-metal anode research, particularly through a wide variety of materials, interface, and electrolyte design (10) (11) (12) (13) (14) (15) . However, the industrial deployment of Li-metal batteries has still been postponed by its poor cycling efficiency and safety, both of which stem from the uncontrollable Li deposition process. While various theories for understanding lithium electrodeposition have been given in the past, the mechanisms underlying lithium growth are still hotly debated (8) . Compared with normal metal deposition, lithium deposition in batteries is a more complex electrocrystallization process. The adsorption of aprotic solvent molecules, paired anions, and additives on the as-deposited Li affects interface energetics; in addition, the electrolyte-specific solid electrolyte interphase (SEI) layer further complicates the process. While it has been recently reported that the morphology of lithium deposits is related to the electrolyte and formed SEI layer, there is a lack of fundamental understanding of the mechanism behind the correlation (16) (17) (18) .
The various characteristic morphologies of lithium deposits grown in different electrolyte systems have been identified and discussed (16, 19) . The shape of metal crystals is commonly controlled by and strongly dependent on their crystallographic nature (20) . Inspired by observations of how electrolyte identity and composition affect Li deposit morphology (7, (21) (22) (23) (24) (25) , we are interested in taking a further step to understand if their crystallographic growth habits drive the Li morphological evolution.
After all, the electrodeposition of Li is a crystallization process, and it is worthwhile to correlate its phenomenological morphology to its crystallization nature. Typically, due to the adsorption of additives onto active growth sites, electrodeposition processes promote preferential growth of particular grain orientations, inducing an anisotropic crystal orientation distribution known as "texture" (26) and consequently leading to certain grain morphologies. Such an additive adsorption effect is expected for the case of lithium electrodeposition. However, the high reactivity and poor X-ray scattering resulting from the low atomic number of Li bring a great deal of difficulty for traditional crystallographic characterization (27) (28) (29) , which makes the area of texture study of lithium metal an almost blank space. Thus, it is highly demanding to explore novel characterization and analysis methods for lithium battery electrode application (30, 31) .
This study mainly focuses on characterizing the anisotropic orientation distribution of crystallographic grains in electrodeposited lithium films under various electrolyte environments and understanding how the crystallographic texture is related to common morphologies. X-ray diffraction and pole-figure analysis are used as tools to probe the crystallographic orientation distribution of electrodeposited lithium films. Here, both carbonate and etherbased electrolyte systems have been tested with and without additives. Lithium anodes from Li-S and Li-O 2 full-cell batteries have also been investigated. We find that the texture of Li deposits significantly depends on the additives and any cathode cross-over molecules present in the electrolyte, which intrinsically leads to varied morphology. For example, with the adsorption of strong inhibitors like lithium polysulfides and lithium nitrate (LiNO 3 ), the crystallographic grains of lithium deposits prefer to align with Li (110) planes parallel to the substrate and form uniform roundshaped deposits. We use exchange current density as an indicator to correlate the electrolyte additive type with texture, and explore
Significance
This work represents a first attempt to study the crystallographic texture of Li metal in batteries. X-ray diffraction pole-figure analysis demonstrates that the texture of Li deposition is primarily dependent on the type of additive or cross-over molecule from the cathode side. We find that reversibility of Li, which is phenomenologically influenced by morphology, is fundamentally driven by the texture (crystallographic orientation). Additives in electrolytes and the cross-over molecules from the cathode play crucial roles on the crystallographic texture because they hinder the cathodic process and selectively adsorb/react on different crystal planes. Additives with favorable adsorption and reusability will generate controllable texture, resulting in more uniform morphology and better cycling reversibility.
its effect in various electrolyte systems. The present work provides further fundamental understanding of lithium electrocrystallization, which will be a vital route to rationalize the use of additives in Li battery electrolytes.
Result and Discussion
Lithium Deposit Morphology. Different characteristic morphology types for Li-metal deposits have been reported in previous studies on individual electrolyte systems (16, 22, 23) . Here we compared the morphologies of lithium deposition in various electrolyte systems at a low current density of 0.1 mA/cm 2 . To eliminate the crimping pressure and separator effect, we used a "lift-up" coin cell setup for all of the lithium deposition in this work (32, 33) . More details are given in SI Appendix and SI Appendix, Fig. S1 . As shown in Fig. 1A , whisker-shaped elongated lithium deposits are formed in a typical carbonate-based electrolyte, ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 vol/vol), 1 M LiPF 6 . Carbonate-based solvents are commonly used in batteries due to their large electrochemical decomposition window, enabling the coupling of Li metal with high-voltage cathodes (34) . To investigate the effects of other current densities on Li deposits, we deposited lithium at current densities ranging from 0.1 to 5 mA/cm 2 (SI Appendix, Fig.  S3 ). Within this current range, while the size of Li deposits decreases with increasing current density, the characteristic shape of deposits does not change, suggesting that within normal operational range, current density plays a less-pronounced role on the Li morphology. Fig. 1B shows lithium deposited in 1,3-dioxolane/ 1,2-dimethoxyethane (DOL/DME, 1:1 vol/vol), 1 M LiTFSI, 1% LiNO 3 , which has a characteristic rounded shape (35) . Similar current-density effects on the size and morphology of Li deposits in this electrolyte have also observed (35) . Lithium deposits (Fig. 1C) are round-shaped when the electroplating process is done in a Li-S full battery with 5 M poly-sulfide as catholyte. We found that with the addition of polysulfide in DOL/DME with 1% LiNO 3 , lithium deposits are uniform and round-shaped, even at higher current density and on the edge of the current collector. This is consistent with previous reports that polysulfide and lithium nitrate will have synergetic effects to prevent the growth of whisker-shaped deposits (22) . Li deposition in a Li-O 2 full battery with ether-based electrolytes also exhibits round particle morphologies (Fig. 1D) , which validates that dendrite formation has not been observed in Li−O 2 cells tested to date (3) . It is commonly reported that etherbased electrolytes generate elastic SEI films, eliminating the whisker-shaped deposits (36, 37) . However, control Li deposition experiments using DOL/DME and tetraethylene glycol dimethyl ether (TEGDME), ether-based electrolytes, alone with no additives, still resulted in whisker-shaped deposits (SI Appendix, Figs. S4 and S5). After screening different types of battery electrolytes, we systematically observed that beyond the current density and electrolyte solvent identity, the specific additives (e.g., LiNO 3 ) or the cross-over molecules (O 2 , polysulfide) from the cathode side play a major role in the morphology of Li deposits.
Texture Analysis of Li Deposits Using X-Ray Pole Figures. It has been known that the diverse growth conditions of the metallic films strongly affect grain sizes and their crystallographic orientations. During film growth, the crystalline grains undergo nucleation, growth, coarsening, coalescence, and thickening (38) . All these stages of growth affect the final microstructural properties of the polycrystalline film. Here we examine the crystallographic orientation distribution of electrocrystallized Li in the presence of different electrolytes and additives. X-ray diffraction is known to be a standard method for determining the crystallographic structure, atomic arrangement, as well as grain orientation in a variety of materials. Usually, a conventional symmetric θ-2θ scan, as shown in Fig. 2A , is performed to learn about the metal film microstructure. In this case, however, only the grains with lattice planes that are oriented parallel or nearly parallel to the thinfilm surface are detected. Fig. 2B shows typical X-ray diffraction data obtained from Li-metal foil using a symmetric θ-2θ scan (Top) as well as data from the powder-diffraction file for Li powder (Bottom). A comparison between measured Bragg peak intensities and those published in powder-diffraction files from randomly oriented powder usually provides ambiguous results of crystallographic grain orientation distribution due to the large grain sizes in Li foil, resulting in poor statistics. The complete crystallographic orientation distribution can be obtained by collecting so-called pole figures of different (hkl) planes and analyzing their orientation with respect to the sample coordination frame. The pole figures are usually collected by varying the angle of rotation ϕ that measures the azimuth of the sample in the surface plane and the tilt angle ψ that defines the amount of tilting of the sample with respect to the normal to the sample surface, as shown in Fig. 2 C and D. ϕ and ψ are varied from 0-360°and 0-90°, respectively. Thus, the intensity of a particular Bragg reflection measured under varying sample orientations yields an intensity distribution I(hkl) as a function of the ϕ and ψ angles over a 3D sphere which defines the crystallographic orientation distribution of grains in the film. As shown in Fig. 2E , this intensity distribution is represented as a stereographic projection where intensity points, P = I(ϕ, ψ), from a 3D sphere are projected onto a plane as P′ = I(ϕ, ψ). This way, the pole figure represents a variation of the pole density and pole orientation for a selected set of crystallographic planes. Fig. 2F illustrates a typical Li(200) pole figure of a commercial Li foil with its intensity mainly located at the origin. The polycrystalline metal films might develop complex textures with considerable orientation spreads; therefore, the interpretation of a single pole figure in terms of specific grain orientations is difficult and frequently ambiguous. To understand the texture of the material, it is necessary to collect and analyze two or more pole figures of different (hkl) reflections. In this work, due to the in-plane isotropy of electrodeposited lithium film, we mainly focus on the texture along out-of-plane directions in the following discussion. Fig. 2B shows data from a symmetric θ-2θ scan where Li (110) and Li (200) peaks can be resolved as the two major diffraction peaks. The scan is compared with the Li powder-diffraction file representing randomly oriented Li grains. Two pole figures were collected for Li-metal film at 2θ angles of 36.19°and 51.97°c orresponding to the locations of (110) and (200) Bragg peaks, respectively. The beam spot size was chosen to be 1 cm × 1 cm. We chose this size to make it large enough to include a sufficient number of grains with sizes ranging from 10 to 100 μm. In Fig.  3A , the pole figures for plain lithium metal foil show a typical texture for deformed metals. Commercial lithium foils, which have a typical silver metallic color with grain sizes of around 100 μm, are formed by rolling compression. The Li(200) pole figure shows that almost all of the intensity is located at the center, where tilt angle ψ is equal to zero. This indicates that the rolled sheets of lithium have [100] out-of-plane preferred orientation (39) . The nature of the deformation texture depends essentially on the crystal structure of the metal and the extent of plastic flow. Lithium is a body-centered-cubic (bcc) metal, and thus its sheet texture is very similar to other bcc metals (40) . The (110) and (200) pole figures for Li electrodeposits in various electrolyte environments are given in Fig. 3 B-D. The left column shows SEM characterizations of their surface morphology. The deposits in EC/DEC electrolyte are whisker-shaped and randomly aligned, and accumulate randomly during the electroplating process. The representative (110) pole figure shows a disk-shaped, radially uniform diffraction intensity distribution, which indicates that the film's texture is not clearly pronounced. The (200) pole figure of the same sample shows a broad ring at an angle around ψ = 45°equal to the angle between (110) and (100) planes. Even though each whisker is a single crystallite, the almost random orientations of whiskers result in a rather broad distribution of crystallographic grain orientations and increase the roughness of the deposited Li film. As previously discussed, at the current density of 0.1 mA cm −2 in DOL/DME electrolytes with only LiNO 3 and DOL/DME with both LiNO 3 and polysulfide additives, the morphological shape of lithium deposits is round. It has been reported that the addition of polysulfides can further suppress the formation of whisker-shaped deposits on the edge of the current collector at the current density of 2 mA cm −2 (22) . Fig. 3 C and D shows (110) pole figures that exhibit a sharp intensity concentration around ψ = 0°, indicating that the roundshaped Li deposits are mostly textured with (110) planes parallel to the electrode substrate. Additionally, as can be seen from the intensity at the origin of the (200) pole figure in Fig. 3C , the Li deposit in DOL/DME with LiNO 3 contains a small portion of [100] out-of-plane-oriented crystallites, which may be due to the nonuniform deposition on the edge of current collector (22) . While the Li (100) plane has the lowest surface energy versus vacuum (41) , the more pronounced [110] texture could be a result of strong adsorption of the LiNO 3 and polysulfide additives during the crystal growth. To elucidate the origin of texture in electrochemically deposited lithium, we discuss current density, SEI layers, and inhibitor factors in various electrolytes in the following section.
Factors Influencing Lithium Deposits.
Current density. Current density is one of the most important parameters discussed for lithium deposition (19) . When the diffusionlimiting current J limiting is exceeded, the rate of Li + consumption by deposition exceeds the rate at which Li + can be replenished by diffusion. After Sand's time, the ionic concentration at the working electrode drops to zero. This complete concentration polarization will cause the ramification of the electroplated species. Thus, we calculated the diffusion-limiting current density for EC/DEC and DOL/DME electrolytes and the ratio of commonly used current densities to the diffusion-limiting current density for typical batteries (SI Appendix, Table S1 ). We found that in coin cells, normal operational current densities are around two orders of magnitude smaller than the diffusion-limiting current density (152 mA/cm 2 for EC/DEC, 198 mA/cm 2 for DOL/DME), indicating the J limiting is rarely reached. SI Appendix, Figs. S3-S5 show that the shapes of lithium deposits in electrolytes without additives do not change, despite the diameter of deposits decreasing with increasing current density (tested from 0.1 to 5 mA/cm 2 ). Smaller current density will generate a larger size of lithium deposits, thus reducing the surfacearea/SEI consumption and improve cycling efficiency (35) . However, this approach is not always practical in real Li-metal batteries, due to the limitation of charging rate. SEI layer. The SEI layer has been recognized as a unique and critical factor during lithium-metal deposition. A "good" passivation layer needs to be elastic, flexible, chemically stable, and accommodate the volume changes of the anode during its electrochemical processes. Here we carried out both X-ray photoelectron spectroscopy and IR spectroscopy analysis to characterize the chemical compositions of the SEI in various electrolyte. SEI formed in carbonate electrolytes mainly consist of alkyl carbonate-based components, as seen from -CO 3 functional groups in SI Appendix, Figs. S6A and S7A. The SEI layers formed in ether-based electrolytes are reported to be ether oligomers, consisting of -CO and -COOR functional groups in SI Appendix, Figs. S6 B-E and S7 B-E. Interestingly, there is no obvious morphology change among carbonate and ether electrolyte without additives, although the elastomeric SEI formed in ether systems are reported to suppress lithium dendrite growth (36, 37) . With the addition of LiNO 3 , the organic components are similar, except the LiNO 2 species show up. With the addition of both LiNO 3 and polysulfide, the main new component is Li 2 S/Li 2 S 2 . Ultimately, even though differences in SEI composition in different electrolyte systems are clear, it is still hard to correlate the morphology and texture of lithium deposits with their SEI layer. Inhibitors. Inhibitors are the species physically or chemically adsorbed on the surface of the electrode, in the double layer, or in the diffusion layer (42) . They hinder the cathodic process and are thus called inhibitors. In the electroplating industry, inhibitor additives are widely applied to generate compact and smooth metal coatings. However, for the Li-metal system, the rapidly absorbed additives and electrolyte solvents are believed to be subsequently reduced and become incorporated into the SEI layer on lithium due to its low potential. To differentiate between the role of the adsorption of electrolytes/additives and the influence of the SEI layer during the deposition of lithium, we measured the exchange current density of the Li/Li + couple using microelectrodes and performed impedance spectroscopy on lithium electrodes in various electrolytes (SI Appendix, Figs. S5 and S6 and Table S2 ). The exchange current density (j 0 ) describes the rate of electron transfer that occurs at zero overpotential, and it is widely understood to be a measure of the inhibition intensity in classical systems (42) . Microelectrodes prevent mass-transfer-related limitations in high rate processes, and are thus useful for studying fast, film-free Li deposition before the SEI film formation process occurs (43) . Lower values of j 0 indicate a higher tendency to adsorb inhibitors in the electrolyte (inhibited Faradaic charge transfer) and vice versa.
For carbonate-based electrolytes, the plain EC/DEC electrolyte with no additives showed the highest exchange current density of 35 mA/cm 2 . Upon the addition of inhibiting additives, the measured exchange current density decreased to 28 mA/cm 2 for 100 ppm water. This decrease in j 0 can be attributed to the inhibiting effect of the resulting HF molecules, which cause Li to grow as well-aligned crystal rods (44) . A similar trend of decreasing j 0 with increasing inhibition was observed for ether-based electrolytes. The measured exchange current density for plain DOL/DME electrolyte with no additives was 123 mA/cm 2 , which decreased to 27 mA/cm 2 with the addition of 1% wt. LiNO 3 . With the addition of both 1% wt. LiNO 3 and 1 μM Li 2 S 8 as additives, the exchange current density further decreased to 25 mA/cm 2 . The morphology of lithium deposits in ether electrolyte transitions from randomly oriented whiskers (SI Appendix, Fig. S4 ) to compactly packed round disks as the exchange current density decreases. Thus, the adsorption of inhibitor molecules in the electrolyte is the dominant factor that leads to texturing of electrochemically deposited lithium. Fig. 4 shows a growth diagram of lithium, summarizing the effects of commonly used additives and current density on lithium morphology. Here, schematic diagrams and characteristic SEM images of Li deposits are plotted based on the current density used and additives used, with inhibition intensity increasing in the horizontal direction. Li grown at overlimiting current densities is ramified and dendritic, as commonly seen in cells with large electrode spacings (19) (Fig. 4A) . Due to the inhomogeneity of the SEI layer, the local current density of lithium deposition could be large even though the apparent current density is small, leading to the dendritic growth initiation below limiting current density. For current densities that are far below the limit (0.1% J limiting ), in the case of none/weak inhibition (EC/DEC and DOL/DME electrolyte without any additives), the deposits usually show a whisker-like shape (Fig. 4 B and C) . This morphology is consistent with recent works where lithium is electrodeposited in high-vacuum conditions and with polyethylene oxide solid polymer electrolytes where there are no inhibitors present in the form of electrolyte solvent or additives (45, 46) . As the inhibition intensity increases, basis-oriented reproduction-type deposits are observed and are characterized by a large number of elongated crystals perpendicular to the substrate, forming a coherent deposit (42) (Fig. 4D) . This lithium texture has been reported with the addition of HF and CsPF 6 as additives (25, 47) . With strong inhibitors, such as LiNO 3 or polysulfides, fieldoriented texture-type deposits emerge (Fig. 4 E and F) . Strong texturing generates compact lithium deposits, thus reducing the surface area and resulting in less SEI formation, electrolyte consumption, and dead lithium, which consequently improves cycling efficiency.
Conclusion
We found the crystallographic texture of electrocrystallized lithium films in lithium batteries using X-ray diffraction and polefigure analysis. The pole figures demonstrate that the morphology of the electrodeposited lithium film is intrinsically determined by crystallographic texture. Strongly textured lithium typically corresponds to compact, well-aligned lithium deposits, while weak/nontextured lithium has mossy and whisker-like structure. Compared with the effect of the current density, additives in electrolytes and the cross-over molecules from the cathode play a critical role in the crystallographic texture because they hinder the cathodic process and selectively adsorb on different crystal planes. A Li deposit growth diagram is constructed to connect the gap between electrolyte and morphology of lithium deposits. The electrolytes with additives of lower exchange current density will generate stronger texture, thus more uniform morphology. Designing new types of additives with high inhibition capability leading to controllable texture will be one of the most promising paths to better lithium metal batteries.
Materials and Methods
Materials and methods can be found in SI Appendix.
